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Introduction
Targeting the disease-specific BCR-ABL translocation by tyrosine kinase inhibition with imatinib represented a major therapeutic advance for patients with chronic myeloid leukemia (CML). [1] [2] [3] [4] [5] Cessation of imatinib treatment is, however, is followed by disease recurrence, and the subgroup of patients who relapse under imatinib therapy often display mutations in the ATP-binding site of BCR-ABL, a mechanism of acquired imatinib resistance. [6] [7] [8] [9] These observations suggest that imatinib effectively controls the disease, but may not eradicate the leukemic clone at the level of rare persistent cells with clonogenic capacity.
Elucidation of the characteristic propensities of acute myeloid leukemia (AML) cells with side population (SP) phenotype showed that the intracellular ATP-binding cassette (ABC) transporter A3 (ABCA3) is strongly expressed in leukemic SP cells. [10] [11] [12] [13] ABCA3 has a crucial function in surfactant production and secretion from type 2 pneumocytes in the mammalian lung, leading to fatal respiratory distress syndrome in neonates carrying dysfunctional gene mutations. 14 In AML cells, however, we found ABCA3 expression to be associated with drug resistance against a broad spectrum of cytostatic substances, mediated by sequestration of drugs into lysosomal organelles. 15 In this study we analyzed the bone marrow of patients with CML for leukemic SP cells, measured the expression of ABCA3 in such cells, recognized a critical role for ABCA3 in imatinib susceptibility, and discovered subcellular sequestration as an efficient mechanism of cellular imatinib detoxification.
Design and Methods

Patients, Hoechst 33342 staining, cell sorting, and fluorescence in situ hybridization
The bone marrow specimens examined (n=35) were archived material collected from a cohort of 30 adult CML patients before therapy and under surveillance during imatinib treatment at the University Hospital in Goettingen, Germany. This retrospective study was submitted to the Ethics Committee of the University of Goettingen, and no objections were raised. As control samples, adult human bone marrow progenitor cells were isolated from routine diagnostic posterior iliac crest aspirates of individuals without marrow disease involvement. Mononuclear cells were separated from whole bone marrow aspirates using density centrifugation with Ficoll (Pharmacia). For SP cell analysis, the mononuclear cell fractions were stained with the fluorescent dye Hoechst 33342 (Sigma) as previously described. 8 Fluorescence in situ hybridization (FISH) analysis was performed following standard protocols with BCR-ABL dual color/dual fusion probes (Vysis, Downers Grove, IL, USA).
Cell culture
K562, LAMA84 and BV17.3 cells (DSMZ, Braunschweig, Germany) were propagated in RPMI 1640 medium, and HEK293 cells in Dulbecco's modified Eagle's medium supplemented with 25 mM HEPES, GlutaMAX I (Gibco-BRL), and penicillin/streptomycin (Sigma, Biochrom). K562, LAMA84 and HEK293 cells were supplemented with 10% heat-inactivated fetal calf serum (Gibco-BRL), while 20% serum was used for BV173. The stable ABCA3-eGFP-expressing transgenic cell line 16 was additionally supplemented with 300 µg/mL G418. For all assays, the transfected cell lines were propagated without G418 for four passages, without losing transgene expression as evaluated routinely by fluorescence microscopy.
Enforced expression and small interfering RNA of ABCA3
pEGFP-N1-ABCA3 wild-type or pEGFP-N1-ABCA3 N568D mutant plasmids 16 as well as the pre-designed short interfering RNA (siRNA) against ABCA3 and scrambled siRNA (Qiagen) were delivered by electroporation as previously described. 15 Using siRNA knockdown, the nadir of ABCA3 mRNA and ABCA3 protein expression was documented 72 h after electroporation, as tested by quantitative reverse transcriptase polymerase chain reaction (RT-PCR) and western blotting (Online Supplementary Appendix Figures S2 ).
Cytotoxicity assays
Cell viability was determined using the MTT assay as previously described. 15 The specific viability is expressed as the ratio of the absorbance with drug versus the absorbance of vehicle control. The IC50 was defined as the concentration of drug causing a 50% inhibition of cell growth, compared with the vehicle control. To analyze the clonogenicity, 500 (K562 or LAMA84) to 1000 (BV173) cells were seeded in triplicate into 1 mL methylcellulose medium supplemented with increasing amounts of imatinib ranging from 0 to 1000 nM. Cells were allowed to form colonies by incubating at 37°C, and the number of colonies was counted on day 10 of culture. Specific clonogenicity was expressed as a fraction of vehicle control. 14 C]-imatinib (a gift from Novartis, Basel, Switzerland) was measured as previously described. 17 For subcellular fractionation, cells were incubated with 2.14 µM imatinib (0.1 µCi [3.7 kBq]) for 2 h. After washing with ice-cold phosphate-buffered saline, cells from each cell line were harvested from three 15 cm dishes and homogenized in 0.25 M sucrose buffered with 3 mM imidazole/HCl pH 7.3, 1 mM EDTA and a 1:500 dilution of a protease inhibitor cocktail (Sigma) using five strokes of a G27 syringe. A postnuclear supernatant was prepared (5 min /500 g/4°C) and 6 mL of this protein normalized post-nuclear supernatant was adjusted to a final concentration of 20% percoll solution (12 mL) in 0.25 M sucrose, 3 mM imidazole/HCl, 1 mM EDTA pH 7.3 and centrifuged for 30 min at 35,000g without brakes in a vertical tube rotor Vti 65.1 (Beckmann Instruments). After removal of percoll, the supernatant and membranes were prepared by centrifuging each of the 23 fractions for 1 h at 100,000g. Membranes were resuspended in 0.5% Triton X-100/phosphate-buffered saline and used for further analysis. For in vitro exposure of [ 14 C]-imatinib to isolated lysosomal fractions, subcellular fractionation was performed as described above. The lysosomal fractions, harboring at least 85% of total β-hexosaminidase activity, were pooled, divided into five samples and each sample adjusted to 1x in vitro reaction buffer (0.25 M sucrose, 20 mM KCL, 2.5 mM Mg/acetate, 125 µM DTT and 25 mM HEPES pH7.2). Subsequently 3.8 µM [
Accumulation of intracellular [
14 C]-imatinib was applied to isolated lysosomes for 2 h under different conditions, i.e. 4°C, 37°C, and supplementation of an ATPregenerating system. Unlabeled imatinib was added as a competitor to [ 14 C]-imatinib in 650x excess, and chloroquine was added at a concentration of 10 µM. After 2 h of incubation with imatinib, lysosomal membranes were pelleted by 1 h of 100,000g centrifugation at 4°C. Membranes and supernatant were collected for quantification of [ 14 C] and β-hexosaminidase activity.
Measurements of lysosomal matrix enzymes and western blotting
The enzyme activity of β-hexosaminidase, β-glucuronidase and α-mannosidase was measured using either 10 mM p-nitrophenyl-2-acetamido-2-deoxy-β-D-glucopyranoside, 20 mM p-nitrophenyl-β-D-clucuronide or 10 mM p-nitrophenyl-α-D-mannopyranoside (all from Sigma) as substrates, prepared at 10 mM in 0.1 M sodium citrate (pH 4.6). Aliquots of the sample (5-10 µL) were mixed at 4°C with 100 µL of the substrate, then incubated for 0.5-4 h at 37°C. Reactions were stopped by adding 0.5 mL of 0.4 M glycine/NaOH (pH 10.4), and the specific activities calculated by measuring the absorbance at 405 nm.
Western blotting was performed as previously described. 15 The monoclonal mouse antibody to EEA1 was obtained commercially (Transduction Laboratories), the antibodies to LAMP-1 (code H4A3) and Na + /K + -ATPase (code 6Fα) were provided by the Developmental Studies Hybridoma Bank (Iowa City, Iowa, USA). PCrkl(Tyr207) was studied with a commercially available monoclonal antibody (clone 32H4, Cell Signaling Technologies, Danvery, MA, USA). The murine monoclonal antibody against green fluorescent protein was a generous gift from A. A. Noegel (Biochemistry I, University of Cologne, Germany), the polyclonal rabbit antibody against human ABCA3 was provided by N. Inagaki and N. Ban. 18 Cross-reactivity to other ABC transporters of this antibody has not been observed (data not shown). Actin controls were run in parallel throughout, except in the p-Crkl blot, in which Ponceau-red staining of protein was applied. The phosphorylation status of the BCR-ABL adaptor protein, Crkl, was determined by western blotting conducted according to the manufacter's recommendation.
Statistical evaluations
Differences between samples treated with different dose levels were analyzed using the two-way ANOVA with Bonferroni's post-test, differences between cohorts of samples were tested using Kruskal-Wallis test with 
Miscellaneous
Total RNA extraction, quantitative RT-PCR, immunohistochemistry and electron microscopy were conducted as previously described.
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Results
Detection of the malignant clone in bone marrow side population cells of patients with chronic meyloid leukemia
In previous studies on AML, we had discovered that bone marrow SP cells harbor cells of the leukemic clone.
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As CML is a stem cell disease, in this study we analyzed such early hematopoietic stem cells by flow cytometric cell sorting and consecutive FISH probing of the BCR-ABL translocation. SP cells were readily detected in the bone marrow samples of patients with CML, albeit at low frequencies (0.6%, range 0.1% to 1.8% of all measured cells, n=11). However, the proportion of BCR-ABL-positive cells in the SP compartment closely mirrored the leukemic involvement in the main population (Online Supplementary  Table S1 ). We found BCR-ABL-positive cells in the SP cells in all of seven cases of active disease, while the SP cells in three samples from patients in complete cytogenetic remission under imatinib treatment did not contain BCR-ABL-positive cells (Online Supplementary Table S1 ). Thus hematopoietic stem cells with the SP phenotype are involved by the leukemic clone, and are devoid of gross leukemia in imatinib-induced cytogenetic remission.
Expression of ABCA3 in chronic myeloid leukemia progenitor cells
By examining the dye efflux mechanisms contributing to the SP phenotype, we had previously determined the expression of intracellular ABCA3 in leukemic progenitor cells from patients with AML. [11] [12] [13] Here, we analyzed the expression of ABCA3 in cells from patients with CML, and found significantly higher levels of ABCA3 mRNA in the bone marrow of CML patients, compared to in the marrow of normal volunteers ( Figure 1A , box plot). ABCA3 expression mainly originated from leukemic stem cells with the SP phenotype, as shown by RT-PCR ( Figure  1A ), as well as from CD34-positive leukemic progenitors, as shown and enumerated by immunocytology ( Figure  1D , quantification in C). In normal bone marrow, strong ABCA3 expression was only observed in a fraction of physiological CD34-positive hematopoietic progenitor cells, this heterogeneity was also found in the fraction of leukemic CD34-positive progenitors, although the proportions were generally higher ( Figure 1D ). Significant ABCA3 levels were also detected in the CD34-negative fractions of patients with CML ( Figure 1D , lower right panel), but not in CD34-negative cells from the bone marrow of healthy volunteers. Furthermore, to search for in vitro model systems, we screened the well-established CML cell lines K562, LAMA84 and BV173 and detected high ABCA3 expression levels, comparable to those in primary CML progenitor cells (Online Supplementary Figure  S6 ). In addition, we investigated the expression of the plasma membrane transporter ABCG2 in SP versus non-SP cells, and detected no differences in expression levels (Online Supplementary Figure S1 ). Thus, intracellular ABC A3 is expressed in the bone marrow of patients with CML, mainly in SP and CD34-positive progenitor cells.
ABCA3 expression levels are critical for cellular susceptibility to imatinib
Using the K562, LAMA84 and BV173 cell lines as in vitro models, we modulated ABCA3 levels by either down-regulation with specific siRNA (Online Supplementary Figure  S2) , or up-regulation by ectopic expression, examining the effect of such manipulations on imatinib susceptibility. With regards to clonogenicity measured by colony formation in methylcellulose, down-regulation of ABCA3 with ectopic expression of wild-type ABCA3 and cells expressing the non-functional ABCA3-N568D variant carrying a mutation at the Walker A motif of the transporter ( Figure 2C ). As a surrogate measure of BCR/ABL function, we analyzed the phosphorylation status of the BCR/ABL adaptor protein, Crkl, and found that knockdown of ABCA3 increased the efficacy of imatinib-mediated inhibition of Crkl phosphorylation in the K562 cell line ( Figure 2D ). Thus cellular ABCA3 levels are critical for the susceptibility of CML cell lines to imatinib.
Subcellular sequestration of imatinib
The high expression of ABCA3 in the cytoplasm of CML cells, and its protective effects against imatinib, raised our interest in the intracellular mechanisms involved. First, using ultramicroscopy, we detected ABCA3 in the limiting membranes of lysosomes and multivesicular bodies, in proximity to the lysosomal membrane-associated protein 1 (LAMP-1, Figure 3 A,B) . Ectopic expression of ABCA3 also induced an abundance of lysosomes and multivesicular bodies in HEK293 cells (Figure 3 C, D) . Accordingly, western blot analysis detected the ABCA3/GFP fusion protein from HEK293-ABCA3 cells mainly in the lysosomal fractions after subcellular fractionation, characterized by the concurrent detection of ABCA3 with the lysosomal markers β-hexosaminidase and Lamp1, as well the absence of EEA1 and Na + K + -ATPase ( Figure 4A, lower panel) . These results are consistent with our previous findings in cells from patients with AML and other malignancies. 11, 13 We then exposed K562 and LAMA84 cells to [ 14 C]-labeled imatinib, dissected the intracellular content by subcellular fractionation, and found the vast majority of intracellular imatinib in the lysosomal fractions tightly paralleled by the luminal lysosome marker ß-hexosaminidase ( Figure 4A, upper panel) . An identical pattern of lysosomal imatinib accumulation was also detected in the human embryonic kidney HEK 293 cell line, and in the HEK293-ABCA3 variant with stable transgenic expression of the transporter (Figure 4 A, lower panels). As expected, only small amounts of imatinib were detected in the nuclear fractions (Figure 4 C) . We detected a minor proportion (~ 20%) of imatinib as a soluble substance in the cytosol ( Figure 4C ). For each cell line we pooled the lysosomal fractions of HEK293, HEK293-ABCA3, K562 and LAMA84 cells, and compared these to the non-lysosomal fractions of the same cell Following fractionation by density centrifugation, the pooled lysosomal fractions were left untreated (solo), or treated with either Triton-X100 (+Triton) or Tris (+Tris), and then centrifuged again. Supernatant (S) and membrane pellet (P) were then analyzed for imatinib and luminal marker β β-hexosaminidase. Disrupting the membrane with Triton-X100, and thereby lysing the lysosomes, released both imatinib and β β-hexosaminidase in all cell lines, whereas using Tris as a strong washing buffer, active on the outside of the lysosome, had no such effect (A-D). Importantly, there were no qualitative differences in imatinib release between ABCA3-positive and ABCA3-negative cells (C, D).
Western blot of LAMP-1 served as a positive control for the purity of membrane preparations. Differences were analyzed using a two-tailed Student's t test (*p<0.05). S P S P S P S P S P S P S P S P S P S P S P S P S P S P S P lines, confirming the predominant retention of imatinib in the lysosomal fraction as a consistent finding across all four cell lines (Figure 4 B) . We further extended this analysis, showing first that imatinib in the lysosomal fractions was indeed confined to membranes ( Figure 5 A-D, membrane fractions solo). Treatment of the membrane fractions revealed that imatinib could be freed from the lysosomes, together with luminal β-hexosaminidase activity, by membrane distortion with Triton-X100 with quantitative differences between the cell lines, and that it was not dissolved from the outer lysosomal membrane by washing with Tris ( Figure 5 A-D) . Importantly, such assays revealed no qualitative differences between ABCA3-positive and ABCA3-negative cells. Whereas the fractionation studies yielded relative results, the HEK293/HEK293-ABCA3 system allowed us to measure the effect of ABCA3 on imatinib retention in absolute terms. We detected a statistically significant stronger cellular retention of imatinib in the ABCA3 -expressing cells, directly after short-term (2 h) exposure to imatinib ( Figure 6A, left panel) . Importantly, the amount of radioactive imatinib per cell decreased by approximately 50% within a 24-hour chase period ( Figure 6A , right panel), indicating that over a prolonged period of time, subcellular sequestration eventually leads to secretion and cellular depletion of imatinib. Furthermore we found a significantly increased capacity for lysosomal storage in ABCA3-positive cells, as shown by increased accumulation of Lysotracker red in transporter-positive versus transporter-negative HEK293 cells ( Figure 6B ). In conclusion, intracellular imatinib is sequestered predominantly into the lysosomal lumen in HEK293 and CML cell lines. Finally, we established a cell-free system, in which we exposed the isolated lysosomes to radiolabeled imatinib under different conditions ( Figure 6C ). In this system, the storage capacity for imatinib of the isolated lysosomes was 2.9 times higher in ABCA3-positive lysosomes than in ABCA3-negative lysosomes. The lysosomes efficiently sequestered imatinib in a process that did not depend on temperature or availability of ATP, but was distorted by chloroquine, which is known to inhibit the ABC-transporter and to disturb lysosomal pH.
Collectively, these findings indicate that the increased imatinib retention in ABCA3-positive cells was due to both an ABCA3-associated increase in lysosomal mass and qualitative changes of ABCA3-positive lysosomal organelles. Imatinib uptake into ABCA3 positive lysosomes occurred by passive mechanisms rather than through active direct transport of imatinib.
Discussion
CML is a disease of the hematopoietic stem cell, and although the specific inhibitor imatinib readily induces complete hematologic and cytogenetic remissions in most patients with chronic-phase disease, evidence of persistent leukemic cells has been observed in the majority of cases. 19, 20 The leukemic cells that are insensitive to imatinib are quiescent in nature, but may give rise to a rapid relapse upon treatment cessation. [20] [21] [22] [23] Bone marrow SP cells are very immature hematopoietic progenitors, and here we found that SP cells were involved in all seven cases of active disease. SP cells derived from patients in cytogenetic remission were devoid of BCR-ABL-positive cells, thus indicating that at least a fraction of the SP cell compartment can be cleared of the leukemic clone by imatinib. However, since the average frequency of SP cells in the bone marrow is low (<10%), the absolute number of SP cells accessible for analysis was low, ranging from 6 to 87 cells per patient. As such numbers cannot be considered representative of all hematopoietic SP cells in a given patient, it remains uncertain whether SP cells are truly negative during complete cytogenetic remission, with the leukemia clone hiding in a different hematopoietic compartment, or whether the SP cells in our analysis were negative due to sampling error.
Examining dye and drug extrusion capacity of malignant SP cells as an intrinsic mechanism of drug resistance, we previously found that two ABC transporters are involved, namely ABCG2 and ABCA3. 24, 12, 13 The plasma membrane ABCG2 protein is a marker of primitive normal hematopoietic stem cells, and was also detected on CML progenitor cells. 25, 26 The role of ABCG2 in drug resistance by cellular export of imatinib is controversial because of complex, direct and post-transcriptional interactions between imatinib and this transporter. 26, 27, 28 As for ABCA3, this transporter was detected in neoplastic cells of different progeny, with most evidence gathered so far in acute leukemias; 12, 13, 15, [29] [30] [31] in AML, ABCA3-expression is positively associated with CD34 positivity. 13 As shown here, ABCA3 is strongly expressed in the progenitor cell compartment of CML, involving both SP cells and CD34-positive cells. However, in contrast to normal hematopoietic cells, in which ABCA3 expression is low and strictly limited to early progenitors such as SP and CD34-positive cells, differentiating CML cells retain notable expression of this transporter beyond the CD34-positive stage (Figure 1 ). This finding mirrors leukemia-associated disturbances in the expression pattern of other stage-specific markers, and adds to the notion that leukemia stem cells in CML reside in a population with continuous, rather than sharply defined phenotypic boundaries. 32 Importantly, ABCA3 expression occurred in the leukemic cells of untreated patients, documenting an intrinsic, rather than an acquired form of resistance against the drugs sequestered by the ABCA3-mediated mechanism.
In normal physiology, ABCA3 is predominantly expressed in type 2 pneumocytes, and has an essential function in the biogenesis of multilamellar bodies, a specialized type of lysosomal-related organelles in which surfactant is assembled prior to exocytosis. 18, 33, 34 The precise biochemical role of ABCA3 is unknown, although there is accumulating evidence that ABCA3-mediated transport of lipids, such as phosphatidycholine and phosphatidylglycerol, is crucial for effective biogenesis and composition of such multilamellar bodies. 33, 34 As shown here, ABCA3 function is clearly critical for cellular susceptibility to imatinib, demonstrated by an increase in sensitivity after experimental reduction of ABCA3 levels, as well as by acquired resistance with artificial elevation of protein expression (Figures 2, 3) . We traced the intracellular fate of imatinib with a radioactively-labeled substance, and made two surprising, and at first sight, paradoxical findings: first, the net content of imatinib was higher in ABCA3-positive cells than in ABCA3-negative cells, and secondly, the majority of intracellular imatinib was found not in the cytosol, but entrapped in lysosomes (Figure 4) . Importantly, the accumulation of imatinib in the lysosomal fraction of cells was similar in all cell types analyzed, i.e. HEK293 reporter cells and the BCR-ABL-positive leukemias, indicating that sequestration of imatinib into lysosomes occurs irrespective of the cell type. The capacity for lysosomal imatinib sequestration did, however, increase with ABCA3 expression, leading to more efficient sequestration and a reduction in cytostatic effects (Figure 2 ). Efficient subcellular sequestration eventually also leads to efficient export of the drug (Figure 4) , presumably by exocytosis. From our experiments on imatinib uptake into isolated lysosomes we conclude that the increased segregation of imatinib in ABCA3-positive lysosomes was not due to an active direct transport of imatinib by ABCA3 as a transmembrane pump, but rather a passive mechanism. So far the ABCA3-dependent qualitative change in the lysosomal organelles, which subsequently leads to the increase in imatinib sequestration capacity, is unknown. As other Afamily members of ABC transporters are known lipid translocators, and ABCA3 expression is associated with an increase in lysosomal-related organelles with luminal membrane structures, i.e. multilamellar and multivesicular bodies, we speculate that changes in the lipid composition and structure of lysosomal membranes are responsible for the increased capacity to sequester imatinib. Imatinib is cleared from the circulation through oxidative metabolism catalyzed by hepatic CYP3A, and the resulting metabolites may be pharmacologically active. 35 The role of lysosomal sequestration of such metabolites remains, therefore, to be analyzed.
In conclusion, CML clones involve the stem cell compartment represented by SP cells and CD34-positive progenitors, which express the intracellular ABC transporter A3. In cell line models ABCA3 endows leukemia cells with high lysosomal sequestration capacity, and hence reduces their susceptibility to imatinib. Interference with ABCA3 and the associated subcellular imatinib sequestration mechanism may evolve as a strategy to increase the efficacy of tyrosine kinase inhibition, eventually eliminating CML disease.
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